Purpose of Review As a research tool for quantitative measurement of small molecule metabolites, metabolomics has been devoted to search for biomarkers that can be used for diagnosis and prognosis of malignant tumors. The purpose of this review is to summarize recent literatures on metabolomicbased cancer biomarker research and to discuss the current issues and challenges in the clinical applications of metabolomics technologies. Recent Findings This article reviews metabolomics-based cancer biomarker studies reported in the past 3-5 years, summarizes the classes of potential metabolite markers, and discusses the current problems in study designs as well as analytical platforms and methodologies. Summary The application of metabolomics showed great potential in disease diagnosis, prognosis, and patient stratifications in most types of tumors. In the future, with improvement and standardization of the study designs and analytical protocols, metabolomics can serve as an effective tool for cancer translational research.
Introduction
Recent data showed that in the USA there will be 1,680,210 new cancer patients and 595,690 cancer deaths in 2016 [1] . Cancer is a multifactorial disease involving various genetic aberrations and diet, lifestyle and environmental factors. The prognosis of the tumor depends greatly on the cancer stage and molecular subtypes at the time of diagnosis. Hence, rapid and precise detections of tumors are needed at early stages or even the precancerous stages. As endpoints of gene, transcription and protein expressions, small molecule metabolites can reflect the outcome of the gene-protein-environment interactions and thus, accurately represent the metabolic phenotypes (metabotypes) of various types of cancer [2] . The metabotypes of cancer patients can be critically important for their personalized treatment planning [3] . Metabolomics strategies enable us to discriminate between samples of cancer patients and ageand gender-matched healthy subjects in geographically close regions as well as to identify unique metabotypes of these patients, potentially allowing for early diagnosis and personalized treatment [4] . This review will focus on metabolomicsbased biomarker discovery studies for cancer diagnosis and prognosis over the past 3-5 years and will discuss the current issues and challenges in the clinical applications of metabolomics technologies.
The Application of Metabolomic Strategies in Cancer Study
Most of cancer cases are not diagnosed timely and adequately until symptoms are apparent. Medical imaging is a commonly used screening method but has massive limitations in early diagnosis and prevention [5] . Metabolomics has been employed to identify meaningful tumor markers by crosssectional comparison of case-control samples and has This article is part of the Topical Collection on Pharmacometabolomics and Toxicometabolomics * Wei Jia wjia@cc.hawaii.edu generated a great number of potential markers for the diagnosis and prognosis of many types of cancer at different stages.
Applications of Metabolomics in Cancer Research: Potential Biomarkers for Diagnosis and Prognosis
Biomarker, a measurable indicator of a biological condition, needs to possess characteristics of quantitative detection, high sensitivity, and high specificity [6] . Different from traditional biomarkers such as biochemical indices and/or protein-based markers, metabolite markers rely on analytical methods [7] . Metabolomics uses analytical instruments such as NMR, GC/ MS, and LC/MS to profile metabolites present in clinical samples such as blood, urine, stool, and tumor tissue, which identifies key metabolite markers capable of discriminating among different groups through multivariate statistical methods [7, 8] . In most of cases, the key metabolite markers identified in the first study are verified with clinical samples collected from independent patient cohorts, to test the reproducibility and validity of the metabolomics method. If the verification result fulfills certain criteria, the metabolites are regarded as a potential biomarker [9] . Most of the metabolomics biomarker studies published to date are not extensively and rigorously validated due to the fact that an independent metabolomics lab may use different platforms (NMR, GC/MS, and LC/MS) and also the difficulty in recruiting patients under the same protocols [10] .
Different Classes Metabolites as Potential Cancer Biomarkers
To date, a number of metabolite markers were reported from various clinical metabolomics studies, being developed or integrated as potential diagnostic modalities. According to the Warburg effect, many metabolites in glycolysis pathway was found to be closely associated with the cell proliferation, cancer growth, and metastasis [11, 12] . Significant changes in carbohydrate metabolism in blood were revealed by metabolomics studies in patients with ovarian cancer and acute myeloid leukemia (AML) [13, 14] . One representative "oncometabolite" comprehensively studied is 2-hydroxyglutarate (2-HG), a product of IDH1/IDH2 mutations, which was identified in many kinds of cancer including AML, breast cancer, renal cancer, intrahepatic cholangiocarcinoma, papillary thyroid carcinoma, etc. [15] [16] [17] [18] [19] [20] [21] [22] . High level 2-HG in blood was also reported in AML and breast cancer associated with poor prognosis, suggesting that it can also serve as an effective prognostic marker [15, 23] . In studies of oncotargets and tumor inhibitors, 2-HG was proven to suppress Par-4 transcription in vitro via inhibition of promoter activity and enhance mRNA degradation in glioma stem cells [24] . D-2-HG rapidly inhibited platelet aggregation and blood clotting via a novel calcium-dependent and methylation-independent mechanism in gliomas [25] . An inhibitor of mutant IDH1 was reported to lower 2HG levels in vitro suggesting that IDH1 may be a promising therapeutic target in human AML cells [26] . Studies concerning mutant IDH1/IDH2 have been accelerating recently. As a result, 2-HG, the popular oncometabolite, is expected to become an efficient tumor biomarker in clinical diagnosis in the future. Table 1 lists the reports of 2-HG as a biomarker in metabolomic studies of various types of cancer. Fatty acids are another group of metabolites associated with carcinogenesis. Serum levels of unsaturated free fatty acids were revealed to be diagnostic indicators of early-stage colorectal cancer [27] . A nutrition intervention study reported higher intakes/blood levels of the Omega-3 fatty acids, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), relative to the Omega-6 arachidonic acid (AA) are associated with reduced breast cancer risk [28] . Results from a mechanistic study suggest that blocking lipid synthesis could inhibit tumor re-growth and metastasis after the antiangiogenic therapy withdrawal [29] .
Amino acids, a group of important molecules maintaining the physiological state of the biological systems, also play important roles in cancer development [30, 31] . Cancer cell study revealed novo serine and glycine metabolism act as necessary resources of cancer cell metastasis and malignancy [32] . Also, glycine catabolism was found to associate with rapid cancer cell proliferation [33] . Notably, as a result of the caloric restriction, glycine and serine dietary restriction can inhibit progress of cancer cells [34] . There are particularly Breast cancer (prognosis) Up [23] results of diagnostic significance. A recent metabolomics study showed that lowered aspartate in blood is a metabolic feature of human breast cancer [30] . Branched-chain amino acids including leucine, isoleucine, and valine, were found at high levels in blood in patients with human pancreatic adenocarcinoma [35] . Bile acids, the main components of bile, were recently discovered to play important roles in tumor regulation [36, 37] . A study reported the intrahepatic retention of hydrophobic bile acids including deoxycholate, taurocholate, taurochenodeoxycholate, and taurolithocholate that were substantially increased in the liver and blood of streptozotocin and high fat diet induced hepatocellular carcinoma mouse model. Several hydrophobic bile acids may collaboratively promote liver carcinogenesis [36] .
Metabolite Panels for Cancer Diagnosis and Prognosis
The high-throughput profiling of the metabolomics likely to produce a group or a panel of metabolites with characteristic changes, high sensitivity and specificity (usually ≥80 %), suitable for cancer diagnosis or prognosis as a marker panel rather than a single metabolite marker [14, 38, 39] . A research project showed that a combination of C16:1, C18:2, C20:4, and C22:6 has excellent diagnostic performance in serum to differentiate early-stage colorectal cancer patients from healthy controls and benign colorectal disease patients, with an AUC of 0.926, a sensitivity of 84.6 %, and a specificity of 89.8 % [27] . Another colorectal cancer prognosis study reported a panel of 15 significantly altered metabolites in cancer tissue with high ability to predict the rate of recurrence and survival for patients after surgery and chemotherapy. Numerous patients from different centers could share the metabolic signature despite their varied genetic background, mutations, and pathologic stages [38] .
Some cancers, such as pancreatic cancer (PC), are often diagnosed at late stages, when the disease is nearly incurable. So, any forms of early diagnosis is urgently needed and of great significance. A recent metabolomics study identified a panel of five metabolites including glutamate, choline, 1,5-anhydro-d-glucitol, betaine, and methylguanidine in plasma, which collectively can distinguish PC patients (n = 100) from healthy controls (n = 100) in CT (Connecticut), USA, with high sensitivity (97.7 %) and specificity (83.1 %). This panel of metabolites was then tested in an independent cohort including PC patients (n = 100) and controls (n = 100) in SH (Shanghai), China, yielding satisfactory accuracy (AUC = 0.835; 95 % CI = 0.777-0.893), with a sensitivity of 77.4 % and specificity of 75.8 %. These metabolite markers consistently and differentially expressed in both CT and SH cohorts show promise as biomarkers for early detection of PC [40] .
Larger sample sizes increase the precision and validity of the biomarkers to be identified. A panel of six serum metabolite markers of glucose metabolism was identified in 400 AML patients and 446 healthy controls and tested in other six centers of China, demonstrating prognostic value in cytogenetically normal AML patients. In vitro results demonstrated enhanced glycolysis contributing to decreased sensitivity to anti-leukemic agent arabinofuranosyl cytidine (Ara-C), whereas inhibition of glycolysis suppressed AML cell proliferation and potentiated cytotoxicity of Ara-C [14] .
Challenges of Metabolomics in Biomarker Discovery Research
Although metabolomics approaches are increasingly used to screening the characteristic metabolic changes of different malignant tumors and as a result, a growing number of biomarker candidates have been identified; few metabolite markers have been fully developed and translated into clinical applications [10] . There are many reasons, including problems inherent in analytical and statistical methods, and issues related to study protocols such as study design, clinical sample collections, quality controls, and data analysis and interpretation.
Challenges in Clinical Sample Pretreatment and Collection
A great number of metabolites alter as responses to the process of genetic mutation, cell proliferation, and tumor metastasis [41] . The time of sample collection during the carcinogenic process will determine rates of metabolite alteration with high diagnostic value. In early years, complete and detailed demographic, dietary, and clinical information on study participants was often lacking or not available, resulting in false positive or false negative results. So, it is not surprising that results generated from many similar studies are inconsistent with or even opposite to each other [10] . Some false results came from interferences of other conditions when there was no effective screening designed in patient recruitment beforehand. Furthermore, compared with samples of experimental animals where metabolism is relatively stable, clinical biospecimens from human were more susceptible to influence by diet, nutrition, and lifestyle factors such as smoking and drinking, and particularly the gut microbiota [42] . Hence, well-defined casecontrol studies as well as longitudinal cohort studies with complete patient information should be encouraged. Standardized procedures are of central importance to address issues in profiling methods as well as in sample collection and storage [4, 43] . Additionally, specificity can be a controversial issue in disease diagnosis using simple metabolites, probably because various tumors may undergo metabolic transformation taking a shared set of pathways [44] . Compared with single markers, metabolite panel might be a better solution but a panel with too many metabolites may bring in technical challenges in data analysis and ascertaining the correct values in tumor detection [45] .
Challenges in Analytical Methods
Profiling of a large array of small molecule endogenous metabolites often depends on analytical instruments and technologies that were originally designed for simple compound analysis or non-complex biological samples [46] . Compared with a small number of analytes in chemical research, human samples such as blood and urine are much more complex and unstable due to the presence of metabolic enzymes and proteins. The matrix effect of these samples are significant and will significantly impact the response of analytical instrument such as mass spectrometry. Another problem is the diverse platform technologies that are routinely used in metabolomics studies. Numerous kinds of mass spectrometry from different vendors, such as Agilent, Thermo Scientific, Applied Biosystems, Waters, Perkin Elmer, and many more, are currently being used in metabolomics labs, but have never employed a data processing software that can be shared with each other and never used a uniform database for metabolite annotation that can be cross-validated with each other [47] . Take GC-MS-based metabolomics platform as example, even with the relatively standard database, such as NIST, Mainlib, or other public or commercial database, the compound annotation is far from being accurate without reference standards [48] . Data integration and reproducibility have been highly variable among different instrument platforms, let alone the metabolite annotation from unreliable methods.
A new metabolomic approach, metabolic flux analysis, targets a specific metabolic pathway and provides a dynamic picture of metabolic changes, at cellular level, in response to a genetic modification or intervention. Specific metabolomics technologies for detection of altered metabolic flux and intracellular metabolic rate are now being rapidly developed, aiming to generate novel markers for cancer detection and novel therapeutic targets for metabolism-based cancer treatment [49, 50] .
Conclusions
Metabolomics as a high throughput and sensitive profiling tool continues to discover promising candidate biomarkers of high value for cancer detection. With the continuous development and standardization of profiling technologies, more and more metabolomic discoveries are expected to be transformed into clinical cancer biomarkers.
